Atomic resolution scanning transmission electron microscopy reveals the presence of an antiphase boundary in the half-metallic Co 2 Fe(Al,Si) full Heusler alloy. By employing the density functional theory calculations, we show that this defect leads to reversal of the sign of the spin-polarization in the vicinity of the defect. In addition, we show that this defect reduces the strength of the exchange interactions, without changing the ferromagnetic ordering across the boundary. Atomistic spin calculations predict that this effect reduces the width of the magnetic domain wall compared to that in the bulk. Published by AIP Publishing. [http://dx
Density functional theory (DFT) calculations predict 100% spin-polarization (SP) at the Fermi-level, i.e., halfmetallic character, for a number of Co-based full Heusler alloys such as Co 2 Fe(Al,Si) (CFAS), Co 2 FeSi (CFS), and Co 2 MnSi (CMS). [1] [2] [3] Due to this desirable property for spintronic applications, they have been attracting significant theoretical as well as experimental research interest and already have been used as a functional part in spin-valves and magnetic tunnelling junctions. [4] [5] [6] [7] CFAS is the most promising candidate from this group, since besides their common properties such as half-metallicity and very high Curie temperature, it has a mid-gap Fermi-level which in turn makes CFAS more robust against temperature effects. 8, 9 Although the ideal bulk structures are predicted halfmetallic materials, number of theoretical and experimental studies have shown that the desirable spin-electronic properties can be significantly affected by the presence of disorder, strain, and variations of the stoichiometry. [10] [11] [12] [13] Moreover, in real devices, they are in the form of thin films interfaced with a substrate or neighbouring layer where the interface itself can destroy the local SP. [14] [15] [16] [17] [18] [19] This in turn can significantly decrease the overall device performance (e.g., their magnetoresistance for spin-valves) or lead to inefficient spin-injection in halfmetal/semiconductor heterostructures. Hence the understanding of their atomic structure and how it influences the electronic/magnetic properties is crucial in order to fully utilise the significant potential of these materials for spintronic applications.
In this letter we show that antiphase boundaries (APB) form in CFAS films. By employing aberration-corrected high-angle-annular-dark-field (HAADF) scanning transmission electron microscopy (STEM), we reveal the exact atomic structure of the 1 = 4 a[111] APB structural defect and create a realistic atomistic model. This model was used for the electronic structure calculations by DFT. The DFT calculations show that these structural defects do not affect the preference for ferromagnetic (FM) ordering, in other words, the grains across the boundary are still ferromagnetically coupled. In contrast, the widely present APBs in oxide halfmetals (e.g., magnetite) significantly affect the magnetic state of the film due to the presence of very strong antiferromagnetic (AFM) interactions across these defects. 20 Although the interactions across the APB keep the FM character, we show that their strength is significantly decreased which can lead to reduction of magnetic domain wall width. In addition, the layer-by-layer spin-polarized partial density of states (PDOS), demonstrate that the local spin-polarisation is reversed i.e., electronic states that are negatively spin polarised at the Fermi-level dominate the electronic properties of the boundary. Finally, we show that the formation energy of the experimentally observed APB is 0.9 J/m 2 , which is almost an order of magnitude higher compared to APBs in Fe 3 O 4 .
The sample was prepared by co-deposition of Co, Fe, Si, and Al using low-temperature molecular beam epitaxy. 21, 22 18 nm-thick CFAS film was deposited on a pre-cleaned 10 Â 10 mm 2 Ge (111) substrate at room temperature. Prior to loading Ge(111) substrates into the chamber, their surfaces were chemically cleaned with an aqueous 1% HF solution to remove any native oxide and contamination. Cross-sectional transmission electron microscopy samples were prepared by conventional methods 23 which include mechanical thinning by polishing and finishing with Ar-ion milling, as well as by Focused-Ion-Beam (FIB). 24 Atomiclevel STEM analysis was performed using ARM200F microscope with probe and image aberration CEOS correctors, operating at 200 kV. Annular dark field images were obtained using a JEOL annular field detector in the range 70-280 mrad; imaging probe of $23 pA and convergence semi-angle of $22 mrad.
DFT calculations were performed with the CASTEP code 25 using periodically repeating supercells which contain two equivalent APBs. The PBE (Perdew-Burke-Ernzerhof) þ U exchange-correlation functional 26 was used, where the Hubbard-U term was set to 2.1 eV for both d-block elements, 27 This value for the Hubbard-U term has previously been shown to open up the minority band-gap, approximately correcting for the delocalising effect of selfinteraction with PBE alone. 28 The plane wave cut-off energy was set to 600 eV, while the Brillouin zone was sampled using a Monkhorst-Pack grid with a k-point sampling spacing of 0.03 2pÅ
À1
. The atomic coordinates were fully geometry optimized. The spin-polarized PDOS were calculated with the OPTADOS 29 code using the fixed Gaussian broadening scheme.
Atomistic spin dynamics simulations were performed using the VAMPIRE code 30 This distinctive atomic column stacking pattern is disrupted at the boundary plane, as observed by following the atomic columns in the (001) 0 ,L 2 0 , and L3 0 do not differ from L1, L2, and L3 due to the symmetries in the supercell, hence they are not shown. The results clearly show that the effect of the APB is very localised. At the APB (layer L0), there are significant number of spin-down states which cause this region to be inversely spin-polarized (SP ¼À44%) compared to the bulk-like part of the electrode. As we move away from the structural defect, the SP recovers; L1 has SP ¼þ4% while from L2, L3 onwards, the properties become bulk-like. Note that the layers L2 and L3 already show proper band gap for the minority (spin down) electrons, as expected for bulk CFAS. In order to find out whether the SP-reversal is dependent on the chemical composition of the full Co-based Heusler alloys, we consider the effect of the APB on the example of CFS and CMS. Figure S1 of supplementary material shows that at the boundary vicinity, in both cases, there is a significant change of density of states around the Fermi-level. While in CFS, similarly to CFAS the SP is reversed, in CMS the SP keeps the positive sign at the Fermi-level, however the band gap is drastically reduced. These calculations all show that the APBs in Co-based Heusler alloys of form Co 2 (Fe,Mn)(Si,Al) can be very detrimental for the spinelectronic structure of the electrode. This may be a particularly strong effect for planar device geometries since the APBs can act as extended regions for spin scattering events.
Next we consider the strength of the exchange interactions between atoms across the APB. The exchange constants are proportional to the energy required to transform the FM alignment into an AFM one, and in full Co-based Heusler alloys are defined for pairs of two atoms. For example, for CMS: Co-Co, Mn-Co, and Mn-Mn bonds have characteristic values of the exchange interaction constants which in turn define the general magnetic behaviour of these materials such as their Curie temperature (T c ). First-principles calculations of exchange constants is not a trivial problem, however, it has been done for simplistic systems, including the bulk CMS. 33 By using the bulk values reported in Ref. 33 and performing DFT calculations for the energy differences between the AFM and FM states in the presence of APB, we have calculated the average strength of the exchange interactions across the APB defect.
First we construct four supercells with the same size and number of atoms. The first two are bulk CFAS supercells; one of them has all magnetic moments aligned along the same direction, while the other one is divided into two halves with an opposite magnetic moment alignment. As expected, the AFM coupled supercell has a higher total energy by 0.73 J/m 2 with respect to the FM supercell. Performing the same calculations on a supercell with an APB in the middle, we find that the ferromagnetic alignment between the two halves is still favoured, but with a smaller energy difference between the AFM and FM configuration (0.49 J/m 2 ). These results imply that the exchange interactions are significantly weakened across the APB defect. Table I shows the total energy differences between AFM and FM configurations for the considered supercells. The same analysis has been also performed for CFS and CMS. As can be seen from Table I , the reduction of exchange interactions strength across the APB is most pronounced for CMS (where they are weakened by a factor of $3).
The reduced exchange interactions across the APBs can affect the width of the magnetic domain wall in Heuslers films. One can estimate this effect assuming that the average exchange constants across the APB are known. Exchange interactions are strongly localised decaying very steeply as the inter-atomic distance increases, as shown for the bulk CMS. 33 By performing atomistic magnetic simulations ( Figure S2 of supplementary material) we show that a good value of the Curie temperature (slightly above 900 K) can be obtained (the measured one is 985 K) even by taking into account only the first four shortest interactions for CMS. Figure S3 of supplementary material presents an overview of the bond types across the APB defect as a function of the inter-atomic distance. In order to estimate the value of the shortest exchange interactions appearing across the APB, we use the following method. We assign to the shortest three interactions an equal value of J which is to be determined. By varying the J in a given range, for each value of J,theenergy difference between the AFM and FM state is calculated. Knowing (from DFT calculations) that the energy difference between AFM and FM is 0.9 eV, an average value of J ¼ 0.6 mRy has been obtained, Figure S4 of supplementary material.
By using this J value at the APB, we have performed magnetic atomistic simulations and calculated the change in the magnetic domain wall width in a presence of an APB. The magnetic moments were initially set in opposite directions at each half of the large supercell model (the APB is in the centre). The whole system is allowed to relax until a convergence is obtained, Figures 3(a) and 3(b) . Figure3(c) shows that the effect of the APB is small but noticeable. The magnetization (M z ) in the presence of APB decreases slightly faster in comparison to the bulk. The domain wall width for the bulk (with chosen parameters given in the methods section) is $150 nm. The presence of the APB reduces the domain wall width by about $25 nm, as a result of the weakened exchange interactions.
The presented results show that the APB's influence on overall magnetic properties of Co-based Heuslers is not as dramatic as in the materials systems with super-exchange interactions i.e., ferrimagnetic oxides (e.g., magnetite) where the nature of the bonding changes across the APB (e.g., from FM to strong AFM).
Finally we calculate the formation energies of the 1 = 4 a[111] APBs in CFAS, CMS, and CFS. For CFAS, the APB formation energy has been found to be 0.9 J/m 2 by comparing the total energies of APB and bulk supercells. The values are very similar for an APB in CFS and CMS where we obtain 0.92 J/m 2 and 1.14 J/m 2 , respectively, as shown in Table I . These energies are about an order of magnitude higher compared to the formation energy of the APB present in magnetite. 20 The close proximity of the step in the substrate surface (shown in Figure S5 of supplementary material) and the APB in the film, indicates that a step on the Ge (111) surface can act as a nucleation centre for APB formation.
In summary, we showed that APBs structural defects can form in thin films of Co-based full Heusler alloys. By performing DFT calculations, we have demonstrated that the defect brings a significant density of states in the minority spin band gap and for the case of CFAS, this reverses the spin-polarization. These calculations also have shown that the ferromagnetic alignment remains when an APB is introduced, although the exchange interactions across the defect are significantly weakened. By employing atomistic magnetic simulations, we showed that this weakening of the exchanges causes a slight reduction of the magnetic domain wall width. Finally, this work demonstrates that the APB defects can have considerable effects on the spin-electronic properties and their presence has to be minimized in order to fully exploit the half-metallic character of the electrode especially for planar type of spintronic devices.
See supplementary material for brief explanation of the atomic structure of bulk CFAS with L2 1 and B2 structural ordering, PDOS across the APB in CFS and CMS, Curie temperature simulations for bulk CMS, bonding analysis across the studied APB, determination of the exchange constant at the APB, as well as the HAADF STEM image which demonstrates that a step in the Ge(111) surface can act as a nucleation centre for APB formation. 
